We have developed an on-line automated system for phosphoproteome analysis using titania-based phosphopeptide enrichment followed by nanoLC-MS/MS. Titania beads were prepared by calcination of commercial chromatographic titania beads at 800˚C to convert the crystalline structure. The obtained rutile-form titania exhibited higher selectivity in phosphopeptide enrichment than commercial titania, even in the absence of a competitive chelating reagent for nonphosphopeptides. For phosphoproteome analysis of human cervical cancer HeLa cells, tryptic digests of the cell extracts were directly injected into this on-line system, and 696 non-redundant phosphopeptides with 671 unambiguously determined phosphorylation sites, derived from 512 phosphoproteins, were successfully identified. This is the first successful application of an on-line automated phosphoproteome analysis system to complex biological samples.
Introduction
Protein phosphorylation is one of the most significant posttranslational modifications in eukaryotes, regulating many cellular signal transduction pathways that produce a range of biological responses. 1, 2 Because these pathways are highly complex and crosstalk with each other, a systematic understanding of biological events requires technology for comprehensive, time-resolved and phosphorylation site-specific mapping of in vivo phosphorylation.
Nano-scale liquid chromatography-tandem mass spectrometry (nanoLC-MS/MS) approaches, together with stable isotope labeling techniques, have been widely applied to quantitative proteomics 3 and allow the quantitative analysis of specific phosphorylation at thousands of sites. 4, 5 However, the goal of analyzing all the phosphopeptides generated by digestion of phosphoproteins remains elusive due to the abundant nonphosphopeptides that interfere with the MS detection of the phosphopeptides.
In addition, phosphopeptides generally produce few fragmentation peaks in MS/MS spectra because of the lability of the phosphate group, causing difficulty in peptide identification. 6 Thus, efficient and specific isolation techniques for phosphopeptides from complex mixtures are critical for complete phosphoproteome analysis.
Several enrichment methods for global serine, threonine and tyrosine phosphorylation analysis have been developed, including immobilized metal affinity chromatography (IMAC) with Fe (III) and Ga(III), based on the affinity of the metal ions for the phosphate moiety. [7] [8] [9] [10] [11] [12] Although IMAC has been successfully applied to large-scale phosphoproteome studies, it is still difficult to achieve highly selective enrichment, with or without esterification, 12, 13 or to capture mono-and multi-phosphorylated peptides without bias. 14 There are a number of metal oxidebased phosphopeptide enrichment approaches. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Ikeguchi and Nakamura reported phosphopeptide enrichment using titania. 15 Other metal oxides, such as zirconia 23 and aluminium hydroxide, 22 have also been employed. Larsen et al. utilized aromatic substituted carboxylic acids, such as 2,5-dihydroxybenzonic acid (DHB) and phthalic acid, as competitive chelating reagents to reduce the binding of non-phosphopeptides to titania. 21 Although this approach was quite effective for MALDI-MS, it is difficult to apply it to LC-MS because of the residual aromatic carboxylic acid in the sample solutions. Mazanek et al. also reported the use of titania with octanesulfonic acid as a competitive chelator for immunoprecipitated phosphoprotein complexes. 25 Recently, we have developed phosphopeptide enrichment methods based on aliphatic hydroxy acid-modified metal oxide chromatography (HAMMOC), such as lactic acid-modified titania or β-hydroxypropanoic acid-modified zirconia. 26, 27 This approach was shown to be effective with highly complex samples (HeLa cell extracts), offering higher selectivity, because these aliphatic hydroxy acids more strongly blocked the binding of non-phosphopeptides to titania or zirconia as compared with other chelators.
To date, there have been several reports concerning on-line enrichment systems using LC-MS with titania columns for phosphoprotein analysis. 17, 19, 24, 28, 29 However, no system has yet been applied to real complex samples, such as cell lysates, although recently Cantin et al. analyzed a moderately complex sample with a titania column-trap column system. 29 The reason for the failure to achieve practical application is mainly that the dynamic range between phosphorylated and non-phosphorylated peptides is much wider in real samples, and this results in poor identification of phosphopeptides.
Here, we describe the preparation of calcined titania beads with the ability to enrich phosphopeptides even in the absence of a competitive chelator. We then developed an automated analysis system with a calcined titania/C18 biphasic column, and showed that it is applicable to phosphoproteome analysis of human cervical cancer HeLa cells, identifying nearly 500 phosphoproteins.
Experimental

Materials
Titania beads (Titansphere, 5 μm diameter) were obtained from GL Sciences (Tokyo, Japan). Acetonitrile (LC-MS grade), acetic acid (LC-MS grade), trifluoroacetic acid, DL-lactic acid, dithiothreitol, iodoacetamide, Lys-C (MS grade) and 25% ammonia solution were purchased from Wako (Osaka, Japan); C8 and C18 Empore disks were from 3M (St. Paul, MN, USA). Modified trypsin was from Promega (Madison, Wl, USA). Water was obtained from a Millipore Milli-Q system (Bedford, MA, USA). Bovine α-casein, bovine fetuin and chicken phosvitin were from Sigma (St. Louis, MO, USA). Tryptic peptide mixtures from these standard phosphoproteins, as well as HeLa cell extracts, were prepared as reported previously. 26 
Preparation of calcined titania beads
To prepare rutile-form titania, we weighed 100 mg of Titansphere in a magnetic crucible and placed the sample in a programmable furnace MMF-1 (AS ONE, Osaka, Japan) and calcined it at 800˚C for 2 h. The calcined beads were then cooled to room temperature, and finally stored in the dark under anhydrous conditions.
Enrichment of phosphopeptides using off-line titania tips
Custom-made titania tips were prepared using C8-StageTips and the titania beads (1 mg beads per 200 μL pipette tip), as described. 27 Prior to loading samples, the titania tips were equilibrated with 300 mg/mL lactic acid in 0.1% TFA, 80% acetonitrile (solution A) or with 0.1% TFA, 80% acetonitrile (solution B). The digested sample from 2.5 μg of each standard phosphoprotein (0.5 μg/μL) was diluted with 100 μL of solution A or B and loaded onto the titania tip. After successive washing with 20 μL each of solution A and solution B or with 20 μL of solution B, 50 μL of 0.5% ammonium hydroxide was used for elution. The eluted fraction was acidified with TFA, desalted using C18 StageTips and concentrated in a vacuum evaporator, followed by the addition of 0.1% TFA and 5% acetonitrile for the subsequent nanoLC-MS/MS analysis. The same procedure was used for a total of 50 μg of the HeLa lysate proteins (1 μg/μL).
NanoLC-MS system
NanoLC-MS/MS analyses were conducted by using Finnigan LTQ-Orbitrap (Thermo Fisher Scientific, Bremen, Germany) or QSTAR-XL (AB/MDS-Sciex, Toronto, Canada) mass spectrometer with a nanoLC interface (Nikkyo Technos, Tokyo, Japan), a Dionex Ultimate3000 pump with an FLM-3000 flow manager (Germering, Germany) and an HTC-PAL autosampler (CTC Analytics, Zwingen, Switzerland)). ReproSil-Pur C18 materials (3 μm, Dr. Maisch, Ammerbuch, Germany) were packed into a self-pulled needle (150 mm length × 100 μm i.d., 6 μm opening) with a nitrogen-pressurized column loader cell (Nikkyo) to prepare an analytical column needle with a "stonearch" frit. 30 The injection volume was 5 μL and the flow rate was 500 nL/min. The mobile phases consisted of (A) 0.5% acetic acid and (B) 0.5% acetic acid and 80% acetonitrile. For the LTQ-Orbitrap system, a three-step linear gradient of 5 to 10% B in 5 min, 10 to 40% B in 60 min, 40 to 100% B in 5 min and 100% B for 10 min was employed throughout this study, whereas a two-step linear gradient of 5 to 30% B in 15 min, 30 to 100% B in 5 min and 100% B for 10 min was used for the QSTAR system. A spray voltage of 2400 V was applied. The MS scan range was m/z 300 -1500 (LTQ-Orbitrap) or 350 -1400 (QSTAR), and the top ten precursor ions (LTQ-Orbitrap) or the top three precursor ions (QSTAR) were selected for subsequent MS/MS scans. A lock mass function was used for the LTQ-Orbitrap to obtain constant mass accuracy during gradient analysis. 31 
On-line phosphopeptide enrichment and analysis using nanoLC-MS with titania/C18 biphasic columns
Rutile-form titania/C18 biphasic columns were prepared in the same way as the C18 columns described above, except for packing titania beads (5 cm length) after the C18 beads (10 cm length). Using the nanoLC-MS system with the titania/C18 biphasic column, we loaded 25 μg of the digested HeLa lysate proteins in the mobile phase B (5 μg/μL) onto the titania/C18 biphasic column. The column was washed with the mobile phase B for 10 -40 min at 500 nL/min; then the concentration of B was decreased to 5%. For transfer of the phosphopeptides from the titania phase to the C18 phase, 5 μL of 0.5% ammonium hydroxide was injected, and the same LC gradient and the same MS acquisition conditions as used for off-line enriched samples were subsequently employed. All analytical processes including sample loading, washing, elution and MS/MS analysis were monitored to check the performance of each process.
Database searching
Phosphopeptide identification was performed as described previously. 26 Briefly, Mass Navigator v1.2 (Mitsui Knowledge Industry, Tokyo, Japan) was used to create peak lists on the basis of the recorded fragmentation spectra. Peptides and proteins were identified by Mascot v2.1 (Matrix Science, London) against UniProt/SwissProt release 54.0 (24-Jul-07) with a precursor mass tolerance of 3 ppm (LTQ-Orbitrap) or 0.25 Da (QSTAR), a fragment ion mass tolerance of 0.8 Da (LTQ-Orbitrap) or 0.25 Da (QSTAR), human taxonomy, and strict trypsin specificity allowing for up to 2 missed cleavages. Carbamidomethylation of cysteine was set as a fixed modification, and oxidation of methionines and phosphorylation of serine, threonine and tyrosine were allowed as variable modifications. Peptides were considered identified if the Mascot score was over the 95% confidence limit based on the 'identity' score of each peptide and at least three successive yor b-ions with two and more y-, b-and/or precursor-origin neutral loss ions were observed. False positive rates (FPR) were estimated by searching against a randomized decoy database created by the Mascot Perl Program.
Results and Discussion
Comparison of 800˚C-calcined titania with commercial Titansphere in off-line phosphopeptide enrichment
Titania has two major crystal forms, rutile and anatase; the 162 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 packing is denser in rutile than in anatase, though both are tetragonal crystals (lattice constant a = b = 4.58 Å, c = 2.95 Å for rutile and a = b = 3.78 Å, c = 9.49 Å for anatase). 32 Therefore, it is expected that these crystals would show different binding affinity for phosphopeptides, since one phosphate group bridges two titanium atoms according to the proposed mechanism of the interaction. 33 First, we examined the crystal form of commercial titania (Titansphere) beads using powder X-ray diffraction (RXD) analysis. The powder RXD pattern showed that Titansphere is anatase form, although the broad peaks suggested the coexistence of the amorphous form (Fig. 1A) . Winkler and Marme reported that another commercial titania (Sachtopore from Sachtleben Chemie GmbH) was also anatase form. 34 In this study, we chose Titansphere based on the results of a comparison between these commercial beads, 29 and prepared rutile beads by the calcination method according to Tani et al. 35 By heating Titansphere at 800˚C for 2 h, we successfully obtained rutile beads, as shown in Fig. 1B .
Next, using tryptic digests of three standard proteins, we compared the performance of rutile beads and anatase beads for phosphopeptide enrichment using off-line titania tips with or without lactic acid (LA) modification. We have recently found that HAMMOC, such as lactic acid-modified Titansphere, significantly improves the selectivity in phosphopeptide enrichment.
26 Figure 2 shows the total peak area of phosphopeptides and non-phosphopeptides obtained by the enrichment procedure followed by nanoLC-MS/MS. As reported previously, the HAMMOC mode with anatase, i.e., Titansphere with LA, provided high selectivity (99%), whereas non-phosphopeptides still remained in the case of Titansphere without LA (30%). In the HAMMOC mode with rutile, the recovery of phosphopeptides was dramatically decreased, although high selectivity was obtained (97%). Remarkably, the calcined rutile-form titania without LA also exhibited high selectivity (74%) and high recovery even without LA. According to Tani et al., 800˚C-calcined rutile titania showed a significant decrease in retention of potassium ion, chloride ion, and hydroxy acids, including LA, compared with the anatase form calcined at lower temperatures (300 -600˚C). 35 In contrast, the 800˚C-calcined rutile-form titania in this study showed approximately the same affinity for phosphopeptides, stronger affinity for lactic acid and weaker affinity for nonphosphopeptides (mainly acidic peptides) than those of anataseform Titansphere.
Since the ion-and ligand-exchange properties of titania are influenced by the surface hydroxyl groups and the coordinated water molecules, the 800˚C-calcined rutile titania beads from Titansphere might have more suitable surface properties for phosphopeptide enrichment than the original Titansphere in the usual mode, though the original Titansphere showed superior selectivity when the HAMMOC mode was employed.
Several groups have reported the use of titania as a trap column for automated on-line phosphopeptide enrichment followed by LC-MSMS analysis. However, applications have been limited to artificial mixtures of standard phosphoproteins and non-phosphoproteins, or phosphoprotein-enriched samples. Because the calcined rutile titania has the unique property that no chelating reagent, such as LA, is required to attain high selectivity in phosphopeptide enrichment, it should be suitable for application in on-line systems, whereas HAMMOC mode requires a step for the removal of modifiers such as LA in the case of on-line application. Before applying the calcined rutile titania for on-line analysis, we analyzed a real complex biological sample, i.e., a digest of HeLa cell extract, using offline titania tips. As shown in Fig. 3 , unfavorable adsorption of non-phosphopeptides was dramatically decreased, and approximately 200 phosphopeptides were successfully identified. It was expected that automated systems using the calcinated rutile titania would provide even higher performance by eliminating the loss of peptides during the sample treatment steps in off-line systems.
On-line phosphopeptide enrichment with a calcined titania/C18 biphasic column
Taking advantage of the lack of a requirement of a chelating reagent with the calcined rutile titania, we prepared a simple biphasic column of calcined rutile titania/C18 for use with an automated nanoLC-MS system; it was not necessary to include a trap column system, since there was no chelator (Fig. 4A) . In this system, digested HeLa cell extracts were directly introduced onto the column with mobile phase B (0.5% acetic acid and 80% acetonitrile) and the column was washed with this solution for 40 -70 min. Phosphopeptides were captured on the titania beads, whereas non-phosphopeptides flowed through the column. Then, the mobile phase was changed to the solution A (0.5% acetic acid) and the column was allowed to equilibrate for 20 min. Finally, phosphopeptides were eluted with 0.5% ammonium hydroxide solution from the titania phase and simultaneously the gradient program and the MS/MS analysis were started. Examples of an obtained total ion chromatogram 163 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 (TIC), the MS spectrum at a certain time and the corresponding MS/MS spectrum of a phosphopeptide are shown in Figs. 4B and C. From the TIC, we can see that most of the peptides flowing through the titania and the following C18 phases were eluted within 2 min after sample loading (shown as a sharp peak in Fig. 4B ) and other peptides were eluted up to about 45 min.
We firstly optimized the washing time with mobile phase B. As the washing time was increased from 10 to 30 min, the number of identified phosphopeptides increased and the maximum number was obtained after a 30 min washing time, whereas the maximum recovery of phosphopeptides was obtained after a 20 min washing time (Fig. 5A ) and the recovery decreased as the washing time was further increased. We also examined the number of non-phosphopeptides, as well as their recovery, based on the total peak area, and found that the maximum recovery for non-phosphopeptides was also obtained at 20 min washing time. This would be the reason for the discrepancy between the optimum washing time for the number of phosphopeptides and the optimum time for their recovery, i.e., the presence of nonphosphopeptides reduces the efficiency of phosphopeptide identification at the 20 min washing time. Based on these results, we concluded that both phosphopeptides and non-phosphopeptides were eluted from the titania phase even during the washing step, although phosphopeptides were more strongly retained than non-phosphopeptides. Therefore, optimization of the washing time is important to maximize the enrichment efficiency for phosphopeptides. Consequently, we set the washing time at 30 164 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 min. This on-line system could identify 166 -221 phosphopeptides directly from digested HeLa cell extracts in a single nanoLC-MS/MS with the false positive rate of 7 -8%, as estimated by decoy database searching. Note that we did not observe any column deterioration potentially caused by ammonium hydroxide during one week of continuous analysis. This would be because C18 beads employed are highly endcapped to provide high stability even at pH 11 for more than 240 h according to the technical information given by the supplier. Because this on-line system provided only 50 -60% overlap in duplicate analysis for identified phosphopeptides as observed in the HAMMOC method, 27 we replicated the analysis for 165 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 Table 2 Phosphorylation sites of HeLa proteins identified by our on-line automated titania/C18-MS/MS system digested HeLa cell extracts to maximize the results. The final results are summarized in Tables 1 and 2 . More information including all identified phosphopeptides is available in our website (http://pepbase.iab.keio.ac.jp). Approximately 700 nonredundant phosphopeptides with 671 unambiguous phosphorylated sites were identified using stringent criteria with the help of ultrahigh mass accuracy for precursor ions analyzed with an orbitrap mass spectrometer equipped with the lock mass function. The ratios of phosphoserine, phosphothreonine and phosphotyrosine, as well as the distribution of the phosphorylation number per peptide, were calculated. Although the efficiency of phosphopeptide enrichment obtained with this method was inferior to that of the off-line HAMMOC method, 26 the shared percentages with the HAMMOC results were only 34% for both peptides and sites. For multiply phosphorylated peptides, approximately 90% of peptides identified in this study were not identified by the HAMMOC method. In addition, more phosphothreonine and more phosphotyrosine were observed in this study. These results indicated that calcined rutile-form titania has different selectivity in phosphopeptide enrichment from Titansphere, as was expected, and suggested that the method with calcined rutile-form titania could be complementary to the use of Titansphere with HAMMOC, to extend the phosphoproteome coverage.
Conclusions
A two-dimensional nanoLC-MS system using a 800˚C-calcined rutile-form titania/C18 biphasic column was developed for automated phosphoproteome analysis of digested HeLa cells. The calcined titania-based enrichment showed high selectivity for digested standard phosphoproteins as well as digested phosphoproteins in HeLa cell extracts even in the absence of any chelator, and it was utilized in a titania/C18 biphasic column (without any trap column) for our on-line enrichmentnanoLC-MS analysis system. After optimization of the washing time, this on-line system allowed us to identify 170 phosphopeptides directly from digested HeLa cell extracts in a single nanoLC-MS/MS run, and replicate analysis afforded 696 unique phosphopeptides with 671 phospho-sites from a total of 512 phosphoproteins. This is the first successful application of a fully automated analysis system employing metal oxides, such as titania, to real complex samples.
